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U  ABSTRACT 


The  work  performed  under  th*  j  program  can  be  subdivided  into  two  areas.  The  first 
deals  with  the  application  of  random  signal  correlation  techniques  to  ultrasonic  flaw 
detection  in  solids  and  the  second  deals  with  th.  cevelopment  of  modulated  micro- 

structure  heat  treatable  steel. 

The  portion  of  this  work  dealing  with  the  application  of  random  signal  correlation 
techniques  to  ultrasonic  flaw  detection  in  solids  consists  of  applying  random  signal 
radar  techniques  to  ultrasonic  flav<  detection  and  determining  the  consequent  improve¬ 
ments  in  range  and  resolution  over  existing  systems.  The  accomplishments  to  date  are: 

1.  A  random  signal  ultrasonic  flaw  detection  system,  has  been  constructed  and 
operated. 

2.  It  has  been  demonstrated  tha  the  resol utior  of  the  system  is  independent  of 
the  length  of  the  transmitted  signal.  This  indicates  that  a  much  lower  peak 
to  average  power  ratio  can  be  used  than  is  possible  with  pulse-echo  systems. 

3.  It  has  been  experimentally  demonstrated  that  signals  which  are  1,000  times  tr 
small  to  be  detected  by  a  cu-rent  pulse-echo  system  can  be  used  by  our  system. 

4.  The  smallest  flaw  that  can  be  viewed  by  our  present  system  agrees  with  theore¬ 
tical  calculations  and  is  the  order  of  .001  inches. 

5.  A  clutter  avoidance  scheme  his  been  invented  which  should  permit  the  system  to 

maintain  its  demonstrated  advantages  in  an  environment  containing  many 
detectable  flaws.  nation  A!  TFCHNICA; 
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REPORT  SUMMARY 


1.  Technical  Problems 

Conventional  ultrasonic  flaw  detectors  are  presently  used  to  test 
all  manner  ol  manufactured  metal  objects  ranging  from  ingots  to  welded 
steel  vessels.  They  arc  also  important  for  the  detection  of  flaws  in 
metal  objects  that  may  develop  cracks  during  their  lifetime  such  as 
airplane  structural  members  and  submarine  hulls.  The  oldest  and  most 
widely  used  ultrasonic  flaw  detection  technique  is  that  of  pulsed  echo 
which  depends  on  the  reflection  of  a  burst  of  sound  from  Lhe  flaw  to  be 
detected . 

In  pulse  echo  systems,  piezoelectric  transducers  are  used  to  trans¬ 
mit  a  burst  of  several  wavelengths  of  megacycle  sound  into  the  test  object. 
The  beam  of  sound  emerging  from  the  transducer  will  be  reflected  back 
towards  it  if  it  encounters  a  suitably  angled  inhomogeneity.  Any  sound 
reflected  back  towards  the  transducer  is  reconverted  into  an  electrical 
signal  whoso  time  of  occurrence  and  ampli  ide  give  information  respect¬ 
ively  about  the  distance  of  the  flaw  from  the  transducer  and  about  its 
size.  The  difficulties  of  pulse  echo  flaw  detectors  arise  from  the  fact 
that  to  avoid  range  ambiguity  it  is  necessary  to  wait  until  the  most 
distant  echo  has  returned  before  transmitting  another  pulse.  Furthermore , 
to  obtain  fine  range  resolution,  that  is  to  be  able  to  dist inguish  be¬ 
tween  two  closely  adjacent  flaws,  it  is  necessary  to  transmit  a  corres¬ 
pondingly  narrow  pulse.  Vic  therefore  end  up  with  the  situation  described 
by  the  equation: 

Maximum  Range  _  Burst  Interval  _  Peak  Power 
Range  Cell  Burst  Width  Average  Power 
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namely  that  the  rntio  of  peak  transmitted  power  to  average  transmitted 
power  lias  to  be  at  least  as  large  as  the  ratio  of  the  maximum  range  to 
the  desired  resolution,  a  ratio  which  tin  easily  be  on  the  order  of  1000 
or  more.  Since  transducers  are  limited  in  the  peak  power  that  they  can 
handle  by  electrical  breakdown  effects,  this  p henomenon  strongly  limits 
the  resolution  that  can  be  obtained,  particularly  when  viewing  relatively 
large  ranges. 

The  other  major  problem  faced  by  pulse  echo  flaw  detectors  is  the 
fact  that  strongly  absorbing  material  makes  it  necessary  to  use  the 
largest  possible  average  transmitted  power  if  the  returning  echoes  are 
to  be  larger  than  the  thermal  noise  of  the  receiver.  Since  ultrasound 
transducers  are  strongly  limited  in  power  haii'ling  capaci^v  by  over¬ 
heating,  this  limits  the  range  of  pulse  echo  systems  when  used  in  strongly 
sound  absorbing  or  scattering  materials. 

In  fact,  according  to  one  of  t lie  standard  references  on  this  subject, 
the  range  over  which  flaws  can  be  sensed  is  at  present  limited  to  10 
centimeters  or  less  in  strongly  scund  absorbing  or  scattering  materials 
such  as  high  alloy  steels  and  ceramics. 

2.  General  Mct.liodology 

Some  years  ago,  Professor  Cooper,  of  Purdue  University,  one  cf  our 
consultants  in  this  work,  and  his  associates  developed  the  so  called 
Random  Signal  Radar  system^.  By  using  a  transmitted  signal,  which  varies 
randomly  with  time,  this  system  overcomes  the  peak  to  average  power 

1.  C.  D.  McGillem,  G.  R.  Cooper  and  W.  B.  Waltman,  "Use  of  Wideband 
Stochastic  Signals  for  Measuring  Range  and  Velocity,"  EASCON  '69  Conven¬ 
tion  Record,  pp.  305-311,  1969. 
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problem,  since  it  is  possible  with  it  to  transmit  almost  continuously 
without  losing  range  resolution,  furthermore  by  integrating  the  output 
signal  over  long  time  periods  it  is  possible  to  detect  echoes  which  cn 
arrival  at  the  receiver  are  less  than  f  ie  spontaneous  thermal  noise 
produced  by  the  receiver  amplifier. 

This  project  consists  of  applying  random  signal  radar  techniques  to 
ultrasonic  flaw  detection,  and  determining  the  consequent  improvements 
in  range  and  resolution  over  existing  systems. 

3.  Technical  Results 

The  accomplishments  achieved  to  date  in  this  program  may  be  summar¬ 
ized  as  follows: 

1.  A  random  signal  ultrasound  flaw  detection  system,  the  first  of 
its  kind,  has  been  constructed  and  operated. 

2.  It  has  been  demonstrated  that  the  resolution  of  random  signal  system 
is  Independent  of  the  duration  of  the  transmitted  signal  which  indicates 
that  much  lower  peak  to  average  power  ratio  can  be  used  than  is  possible  with 
conventional  systems.  The  above  conclusion  indicates  that  the  random  signal 
correlation  system  should  therefore  be  capable  of  much  greater  range  and/or 
resolution  than  is  possible  with  current  pulse  echo  systems. 

3.  It  has  been  experimentally  demonstrated  that  the  use  of  correlation 

and  time  integration  techniques  enables  the  system  to  achieve  a  signal  to 

4 

noise  ratio  correlation  gaii-  of  the  order  of  10  .  Thus  signals  which  are 
thousands  of  times  too  small  to  be  detected  by  current  pulse  echo  systems 
can  be  used  by  our  system.  For  a  given  transmitted  power  the  system  should 
thus  have  a  range  greatly  exceeding  that  of  existing  pulte  echo  flaw  detectors. 
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4.  The  smallest*  flaw  that  can  be  detected  by  our  system  at  the 
present  is  of  the  order  of  25  microns  which  is  far  smaller  than  its 
present  lower  resolution  limit  of  250  microns.  It  should  be  possible 
to  unprove  the  range  resolution  by  an  order  of  magnitude  by  going  to 
correspondingly  higher  frequencies. 

5.  Unwanted  echoes  reaching  the  receiver  from  flaws  outside  the 
range  cell  are  known  as  clutter.  These  so  called  clutter  echoes  can  be 
minimized  by  shortening  the  transmitted  signal  until  its  length  is  no 
longer  than  the  time  or  flight  through  the  range  cell,  and  lowering  the 
transmitted  burst  repetition  frequency  to  the  value  used  in  conventional 
pulse  echo  systems.  However,  this  procedure  completely  negates  the 
advantage  of  noise  in  lowering  the  peak  to  avt  rage  transmitted  power 
ratio.  A  clutter  avoidance  scheme  has  been  invented  which  should  permit 
this  system  to  maintain  its  demonstrated  advantages  even  in  an  environment 
containing  many  detectable  flaws. 

4.  Implications  for  Further  Research 

Having  proved  the  feasibility  of  a  random  signal  ultrasound  flaw 
detection  system  which  can  detect  25  micron  flaws,  we  will  proceed 
to  the  design  and  construction  of  a  system  that  can  detect  flaws  which 
are  10  times  smaller,  In  ceramic  or  other  parts  with  flat  surfaces.  We 
will  then  develop  techniques  which  allow  the  system  to  scan  test  pieces 
with  irregular  surfaces. 

4,  Special  Comments 

We  have  experimentally  demonst  rat  e<>  random  .  i  gun  l  ultrasound  I  law 
detection  system  which  is  orders  of  magnitude  more  sensitive  than  current 
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pulse  echo  systems.  This  can  be  used  either  to  view  much  thicker  sanpl 
than  can  be  handled  by  current  systems,  or  to  detect  much  smaller  flaws 
than  can  presently  be  detected. 

Work  in  our  laboratory  has  shown  that  the  use  of  random  signal 
techniques  promises  improvements  in  liquid  flow  measurement  systems 
which  arc  at  least  as  great  as  those  expected  for  flaw  detection 
systems . 


INTRODUCTION 


Conventional  ultrasonic  pulse  echo  systems  are  widely  used  to  detect 
flaws  produced  during  the  manufacture  or  use  of  many  types  of  metal  and 
ceramic  components.  These  systems  transmit  short  bursts  of  radio  fre¬ 
quency  ultrasound  into  the  test  object  and  display  the  echoes  reflected 
from  inhomogeneities  oscillographically .  The  time  of  occurrence  and 
amplitude  of  these  echoes  can  ^e  related  respectively  to  the  location  and 
magnitude  of  the  sound  reflectors. 

To  avoid  range  ambiguities  in  systems  that  transmit  the  same  wave¬ 
form  in  each  burst,  it  is  necessary  to  wait  until  the  echo  from  the  most 
distant  target  has  returned  before  another  burst  can  be  transmitted. 
Therefore,  the  repetition  period  T  of  the  r.f.  bursts  is  limited  by 


T  < 


2R 


max 

c 


(1) 


where  c  is  the  velocity  of  sound  and  R  the  maximum  range  from  which 

max 

echoes  can  be  detected. 

To  obtain  fine  range  resolution,  it  is  necessary  to  transmit  a 
correspondingly  narrow  burst  of  r.f.  of  length  At  where 

AR  -  ^  (2) 


From  equations  (l)  and  (2)  the  ratio  of  peak  to  average  transmitted 
power  can  be  written  as 


**peak  m  T  <  ^max  ,  (3) 

P  At  S  AR 

avg 
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Thus  for  pulse  echo  systems  the  ratio  of  peak  to  average  transmitted 
power  has  to  be  at  least  as  large  as  the  ratio  of  the  maximum  range  to 

the  desired  range  resolution.  This  ratio  will  usually  be  on  the  >rder 

2 

of  11'  or  more  in  practical  systems.  Since  transducers  are  limited  in 
the  peak  power  that  they  can  handle  by  electrical  breakdown  effects, 
the  large  peak  to  average  power  ratio  required  can  limit  the  maximum 
ratio  of  range  to  resolution  that  can  be  obtained  by  pulse  echo  systems. 

The  other  major  problem  faced  by  pulse  echo  flaw  detectors  is  the 
fact  that  strongly  sound  absorbing  material  makes  it  necessary  to  use 
the  largest  possible  average  transmitted  power  if  the  returning  echoes 
are  to  be  larger  than  the  thermal  receiver  noise. *  Since  ultrasound 
transducers  are  strongly  limited  in  average  power  handling  capacity  by 
overheating,  this  limits  the  range  of  pulse  echo  systems  when  used  in 
strongly  sound  absorbing  or  scattering  materials. 

Since  the  thermal  noise  power  of  amplifiers  is  proportional  to  their 
bandwidth,  it  can  be  shown  that  the  ratio  of  the  signal  to  noise  power 
at  the  output  of  a  flaw  detection  system  to  that  at  the  output  of  the 
echo  receiving  amplifier  is  given  by  the  expression 


SNR 


1  out 


SNR  . 

1  in 


in 


out 


(4) 


where  B,  and  B  _  are  respectively  the  bandwidths  at  the  input  and  out- 
in  out  r  j  r 

put  of  the  system. 

In  the  pulse  echo  systems  currently  in  use  the  bandwidth  of  the 


signal  received  at  the  receiver  and  the  bandwidth  of  the  output  signal 
emerging  from  the  detector  are  approximately  the  same.  Thus  these 


systems  are  not  able  to  improve  the  signal  to  noise  ratio  of  the  re¬ 
ceived  echo,  and  the  received  echo  must  therefore  be  much  larger  than 
the  thermal  noise  of  the  echo  amplifier. 
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In  current  and  as  yet  largely  unpublished  work,  Woodmansee  et  al 
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and  Seydell  use  so  called  time  averaging  techniques  to  improve  the 
input  signal  to  noise  ratio  of  flaw  detection  systems  by  integrating  the 
echo  signals  over  relatively  long  time  periods,  thus  effectively  re¬ 
stricting  the  output  bandwidth. 

Woodmansee  achieves  time  integration  by  means  of  a  lcck-in  amplifier 
whereas  Seydell  digitizes  the  echo  signal  and  uses  a  digital  computer. 
Both  systems  use  conventional  short  bursts  of  r.f.  as  their  transmitted 
signal  and  therefore  require  high  peak  to  average  power  ratios. 

The  random  signal  flaw  detection  system  described  in  the  remainder 
of  this  paper  falls  into  the  class  of  correlation  receivers,  and,  like 
the  systems  of  Woodmansee  et  al  and  Seydell,  can  produce  a  huge  enhance¬ 
ment  in  the  input  signal  to  noise  ratio,  by  the  use  of  time  integration. 
In  addition,  it  uses  noise  as  the  transmitted  signal,  so  that  the  resolu¬ 
tion  along  the  ultrasound  beam  is  shown  to  be  independent  of  signal 
duration.  Consequently  the  peak  to  average  transmitted  power  can  be 
kept  close  to  unity,  so  that  the  maximum  power  that  can  be  transmitted 
is  no  longer  limited  by  transducer  electrical  breakdown.  The  trans¬ 
mission  of  long  duration  signals  Is  shown  to  lead  to  a  deterioration  of 
system  performance  in  the  presence  of  distributed  targets,  dee  to  in¬ 
coherent  'clutter'  type  echoes  from  flaws  outside  the  range  cell  from 
which  the  system  is  receiving  coherent  echoes.  A  technique  involving  the 
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the  use  of  two  focused  transducers  with  overlapping  radiation  patterns 

is  shown  to  overcome  this  problem. 

The  use  of  a  random  signal  or  'noise'  in  imaging  systems  has  been 

4-8 

considered  by  a  number  of  authors  in  connection  with  radar  but  appears 

to  have  been  first  demonstrated  experimentally,  again  in  radar,  by  McGillem, 
9 

Cooper  and  Waltman  .  Additional  random  signal  radar  systems  have  been 

described  by  Poirier^,  Craig  et  al^,  Carpentier^  and  Smit  and  Kneefel^. 

Random  signal  systems  do  not  seem  to  have  been  used  for  ultrasonic  flaw 

detection  previously,  although  a  pseudo-random  code  ultrasonic  doppler 

14 

system  has  been  used  for  blood  flow  measurement  and  e  random  signal 

15-17 


ultrasonic  doppler  system  is  being  developed  for  the  same  purpose. 


SYSTEM  DESCRIFHON  AND  THEORY 


System  Operation 

The  block  diagram  of  the  basic  random  signal  system  is  shown  in 

Fig.  1.  The  noi'.c  or  r.f.  source  produces  electrical  signals  which 

are  converted  into  ultrasound  and  transmitted  irto  c he  sample  by  the 

piezoelectric  transducer.  Echoes  reflected  from  inhomogeneities  are 

picked  up  by  an  identical  receiving  transducer  and  are  re-converted 

into  electrical  signals.  The  received  signal  is  then  correlated  with 

a  sample  of  the  transmitted  signal  which  has  been  delayed  by  r , ,  by 

d 

means  of  a  delay  line. 

The  amplified  echo  signal  together  with  the  reference  signal 

emerging  from  the  delay  line  enter  the  correlator  which  consists  of  a 

multiplier  followed  by  an  integrator  in  the  rorm  of  a  low  pass  filter. 

In  the  presence  of  the  target  shown,  the  system  will  produce  a  non-zero 

output  when  the  delay  imposed  on  the  reference  signal  by  the  delay  line 

equals  the  time  of  flight  ts  of  the  acoustic  signal  from  the  transmitting 

transducer  to  the  target  and  back  to  the  receiver.  Under  these  circumstances 

the  noise  signals  entering  the  two  inputs  of  the  correlator  are  identical, 

causing  it  to  produce  a  non-zero  output.  It  is  shown  below  that  if 

»  1/nB  wlere  B  is  the  bandwidth  of  the  transmitted  signal,  the 

signals  entering  the  correlator  are  uncorrelated,  so  that  its  time  averaged 

output  is  zero.  If  the  length  of  the  delay  line  is  changed  slowly  with 

time,  Tj  varies,  so  that  the  system  scans  over  a  line  in  the  test  object, 

producing  an  output  on  each  occasion  that  the  time  varying  delay  is 

nearly  equal  to  the  time  of  flight  t  to  an  ultrasound  reflecting  flaw. 

s 
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A  practical  version  of  the  random  signal  flaw  detection  system  is 
shown  in  Fig.  2.  The  transmitting  and  receiving  transducers  are  arranged 


so  that  their  'antenna  patterns'  overlap  in  the  cross  hatched  region. 

The  variable  delay  line  is  made  up  of  two  identical  ultrasound  * ransuucers 
in  a  water  bath  whose  separation  can  be  varied  by  a  micrometer. 

The  amplified  echo  signal  and  the  reference  signal  emerging  from 
the  delay  line  are  passed  through  Schmitt  triggers  acting  as  clipping  cir- 
cuits.  It  is  shown  later  that  this  way  of  transforming  a  noisy  multi¬ 
valued  signal  into  a  signal  which  can  only  have  one  of  two  magnitudes, 

2 

merely  reduces  the  effective  signal  to  nois  ;  ratio  by  a  factor  —  if  the 
signal  to  noise  ratio  is  much  less  than  unity.  The  squared  echo  and 
reference  signal  are  fed  into  a  correlator  whose  gated  output  is  dis¬ 
played  on  one  axis  of  a  pen  recorder.  The  other  axis  of  the  recorder  is 
connected  to  a  micrometer  which  controls  the  distance  between  the  trans¬ 
ducers  of  the  delay  line.  The  advantage  of  clipping  the  echo  and  reference 
signals  is  that  the  correlation  function  can  be  performed  by  a  simple 
'exclusive-or '  gate  followed  by  a  'nor'  gate,  the  output  of  which  is  then 
fed  into  a  low  pass  filter  for  integration  as  shown  in  Fig.  2.  The  purpose 
of  the  'nor'  gate  is  to  insure  that  only  correlator  outputs  from  the 
desired  echoes  reach  the  integrator  and  that  thermal  noise  generated  at 
other  times,  as  well  as  signals  leaking  directly  from  the  transmitter  to 
the  receiving  transducer  are  excluded.  This  is  achieved  by  allowing  the 
'nor'  gate  to  pass  signals  only  during  the  time  that  reference  signals 
arc  emerging  from  the  delay  line.  To  scan  a  portion  of  a  specimen,  the 
separation  between  the  transducers  of  the  delay  line  is  varied  by  means 
of  a  micrometer  which  also  causes  the  pen  of  the  recorder  to  traverse. 
Whenever  the  reference  delay  is  approximately  equal  to  the  time  of 
A 

See  footnotes  page  31. 
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Output  Voltage 


flight  t  ,  the  correlator  produces  an  output  which  is  displayed  by  the 
pen  recorder,  A  typical  output  showing  the  two  surfaces  of  a  1  inra 
dimeter  wire  in  water  is  shown  in  Figs.  3  and  4. 

Analysis  of  System  Operation 

Under  conditions  where  the  thermal  amplifier  noise  is  negligible 
compared  to  the  echo  signal,  where  no  signal  clipping  is  used,  and  where 
the  correlator  is  of  the  analog  type,  the  system  can  be  modeled,  as  shown 
in  Fig.  5  where  both  the  reference  signal  delay  and  the  signal  time 
of  flight  delay  rg  ,  are  represented  by  delay  lines.  The  correlator  out¬ 
put  corresponds  to  the  time  average  of  the  product  of  the  two  delayed 
versions  of  the  transmitted  noise  signal.  This  time  average  is  the  auto¬ 
correlation  function  R  (t  -  r.)  of  the  no;  sc  siuml  x(t). 

x  s  a  '  ' 

Figure  6  shows  the  time  average  of  the  correlator  ou*-put  for  a  bell 
shaped  transmitted  noise  spectrum 
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where  f  is  the  center  frequency  and  2B  the  bandwidth.  The  correlator 
output  Rx(rg  -  Td),  is  the  inverse  Fourier  transform  of  (f )  and  may 

be  written  as 


R  (t  - 
X  s 


rd> " e 


cos  2*t  f  (t. 

o  d 


t  ) 
s 


(6) 


It  can  be  seen  that  the  time  average  of  the  correlator  output  reaches  a 
maximum  when  Tg  «,  Td .  It  is  also  clear  that  the  correlator  output  falls 
to  1/e  of  its  maximum  when  | -  t  |  equals  l/nB.  From  equation  L  it 
follows  that  the  range  resolution  of  this  system  is 
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If  the  bandwidth  of  the  transmitted  signal  approaches  the  maximum  signal 

frequency,  then  it  can  be  shown  that  the  range  resolution  approaches  the 

theoretical  minimum  of  one-quarter  wavelength  of  the  maximum  transmitted 
frequency. 

Equation  7  is  an  extremely  important  result  since  it  demonstrates 
that  the  resolving  power  of  the  random  signal  system  depends  purely  on 
the  bandwidth  and  not  on  the  time  duration  of  the  transmitted  signal  as 
in  pulse  echo  systems.  Furthermore  since  every  burst  of  transmitted  noise 
is  different ,  no  range  ambiguity  results  even  if  bursts  are  transmitted 
before  the  last  echo  of  the  previous  burst  has  returned  to  the  receiver. 

A  random  signal  system  can  thus  transmit  noise  almost  continuously  so 
that  the  ratio  oi  peak  to  average  transmitted  power  can  approach  unity. 

It  is  of  interest  to  point  out  that  the  range  resolution  of  the 
random  signal  system  as  given  by  equation  7  is  the  same  as  that  of  a 
pulse  echo  system  transmitting  a  periodic  signal  having  the  same  spectrum 
as  that  of  the  noise  signal.  For  instance  if  such  a  pulse  echo  system 
transmi,  ;  bursts  of  r.f.  having  the  form  of  equation  6,  it  can  be  seen 
that  two  targets  will  be  resolved  if  their  range  differs  by 
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where  At  is  the  time  required  for  the  r.f.  burst  to  decline  from  its  peak 
value  to  e  of  its  maximum  height.  From  Fig.  6  clearly 


At 


ttB 


(9) 


13 


combining  equations  8  and  9  gives  the  range  resolution  of  the  pulse  echo 
system  as 


AR  ~ 


c 

2nB 


which  is  seen  to  be  identical  to  the  resolution  of  the  random  signal  system, 
given  by  equation  7. 

Signal  to  Noise  Ratio  Improvement. 

A  very  important  property  of  the  random  signal  flaw  detection  system 
is  that  its  sensitivity  can  be  made  almost  aibitrarily  large  by  simply 
increasing  the  integration  time  of  the  correlator. 

As  shown  in  equation  4,  the  ratio  of  the  output  signal  to  noise 
ratio  to  that  at  the  input  is  equal  to  the  ratio  of  input  to  output 
bandwidths.  For  pulse  echo  systems  this  ratio  was  shown  to  be  unity 
since  input  and  output  bandwidths  are  comparable.  This  however,  is  not 
the  case  for  the  random  signal  system  since  the  bandwidth  at  the  receiver 
is  determined  by  the  transmitted  bandwidth  S. j  while  the  output  band¬ 
width  equals  the  reciprocal  of  the  integration  time  T  of  the 

correlator  which  can  be  made  arbitrarily  long.  Thus  the  signal  to  noise 
ratio  improvement  provided  by  the  random  signal  system  is  given  by  the 
equation 
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A  more  exact  calculation  for  the  clipped  signal  system  actually  used  here, 
is  given  in  the  appendix  and  predicts  a  correlation  gain  for  small  input 
signal  to  noise  ratios  of 
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whore  a  is  the  mark  space  ratio  and  B  the  bandwidth  of  a  Gaussian  noise 
transmitted  signal  and  T  is  the  integration  time  of  the  correlator.  Since 
this  result  was  derived  for  a  stationary  random  transmitted  signal,  it 
must  also  be  true  for  periodic  transmitted  signals  e.g.  short  bursts  of 
r.f.  as  used  in  conventional  pulse  echo  systems. 

Experimental  results  described  below  verify  equation  10  and  demonstrate 
thi  t  enhancement  ratios  of  thousands  can  be  obtained. 

The  Clutter  Problem  and  its  Solution 

As  explained  earlier,  if  the  ratio  of  peak  to  average  transmitted 
power  is  to  be  made  small,  the  mark  space  r:«tio  (a)  should  be  as  close 
as  possible  to  its  maximum  value  of  unity.  If  the  transmitted  signal 
simultaneously  covers  targets  inside  and  outside  the  range  cell,8  signals 
from  both  regions  are  received  simultaneously.  The  echoes  from  targets 
outside  the  range  cell  are  uncorrelated  with  those  from  inside  the  range 
cell,  and  therefore  do  not  affect  the  mean  value  of  the  output  signal 
corresponding  to  the  target  under  observation.  They  do  however  increase 
the  effective  system  input  and  output  noise.  These  so  called  'clutter' 
echoes  can  be  minimized  by  shortening  the  transmitted  signal  until  its 
length  is  no  longer  than  the  time  of  flight  through  the  range  cell,  and 
lowering  the  transmitted  burst  repetition  frequency  to  the  value  used 
in  conventional  pulse  echo  systems.  However,  this  procedure  completely 
negates  the  advantage  of  noise  in  lowering  the  peak  to  average  trans¬ 
mitted  power  ratio. 
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There  exists  a  technique15  illustrated  in  Fig.  7,  which  avoids 
clutter  even  in  the  presence  of  continuous  transmitted  noise.  Here  focused 
transducers  are  positioned  such  that  the  beam  pattern  intersects  the  re¬ 
ceiver  beam  pattern  only  in  that  region  in  which  the  range  cell  is  located. 
Any  echoes  from  targets  outside  this  small  region  approach  the  receiving 
transducer  at  angles  at  which  it  is  extremely  insensitive.  Therefore  the 
only  echoes  that  can  be  recognized  by  the  receiver  are  those  from  targets 
within  the  region  where  tba  transmitter  and  receiver  beam  patterns  overlap. 
Clutter  type  signals  can  be  avoided  completely  by  making  the  overlap  region 
comparable  to  the  size  of  the  target. 

This  technique  for  clutter  avoidance  circumvents  the  only  apparent 
disadvantage  of  the  large  mark-space  ratio  which  can  be  used  in  random 
signal  flaw  detection  systems.  This  should  be  particularly  useful  when 
examining  materials  with  many  grain  boundaries,  where  clutter  problems 
would  normally  be  severe. 

The  Correlator  Output  Waveform 

The  correlator  output  as  displayed  on  the  pen  recorder  for  a  given 
distribution  of  sound  reflecting  inhomogeneities  may  be  calculated  as 
follows.  Let  the  acoustic  reflection  coefficient  be  a(T),  for  targets 
situated  so  that  the  time  of  flight  to  and  from  the  transducers  is  t. 

The  range  R  of  a  target  for  which  the  time  of  flight  is  t  is 

D  -  £l 
R  2 

if  the  transducers  are  assumed  adjacent. 

Ignoring  absorption  effects,  the  echo  received  from  a  transmitted 
signal  x(t)  which  reach  the  correlator  will  be 
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<n 

y(t)  -  a(t)  x(t  -  t) 


dr 


Mnce  the  reference  channel  input  to  the  correlator  is  x(t  -  t  )  where  t 
corresponds  to  the  delay  line  setting,  the  time  averaged  output  of  an 
analog  correlator  will  be 

f  f»“  ■> 

z(rr)  =  E-!x(t  -  Tr)  a(T)  x(t  -  T)  dTf 

-00 

where  \  stands  for  expectation  value.  Since  neither  t  nor  r  are 

r 

variables  of  integration,  the  expectation  can  be  brought  inside  the 
integral  giving  the  time  average  of  the  correlator  output  as 


z(r)  -  r  a(T)  R  (t  -  t  )  dT 


(ID 


An  acoustic  reflector  whose  dimensions  are  large  compared  to  the  trans¬ 
mitted  wavelengths  may  be  treated  as  a  reflecting  surface  for  which  a(T) 
becomes  a  delta  function.  Therefore  for  a  single  reflecting  surface  with 

time  of  flight  t  ,  equation  11  becomes 
& 


*(Tr) 


6(T-Ta)  Rx  <T-Tr)  dT  »  Rx(VTr) 


(12) 


We  see  therefore  that  each  reflecting  surface  will  produce  the  auto¬ 
correlation  function  of  the  transmitted  spectrum  at  the  pen  recorder 
output,  with  the  central  peak  of  the  spectrum  corresponding  to  the 
location  of  the  reflecting  surface.  This  result  applies  to  both  random 
and  periodic  transmitted  waveforms.  Examination  of  the  form  of  the 
system  outputs  in  Figs.  3  and  4  shows  that  the  experimental  outputs  cor¬ 
respond  to  the  auto-correlation  function  of  a  long  burst  of  r.f.  in  one 
case,  and  of  Gaussian  noise  with  a  bell  shaped  spectrum  in  the  other. 
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To  produce  a  system  output  which  most  closely  resembles  the  in- 

hcnnogeneity  profiles,  the  correlator  output  could  be  subjected  to  some 

form  of  deconvolution  process,  either  using  a  digital  computer,  as  has 

3 

been  done  by  Seydell  ,  or  by  some  form  of  electrical  network.  However 
this  procedure  tends  to  enhance  any  noise  mixed  in  with  the  original  echo, 
and  is  therefore  only  useful  in  the  rather  rare  cases  where  the  inpu*’ 
signal  to  noise  ratio  is  high. 
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EXPERIMENTAL  RESULTS 


Range  Resolution 

The  system  described  above  has  been  operated  successfully  to  detect 
artificial  flaws  consisting  of  wires  in  water,  both  when  transmitting 
ultrasound  in  bursts  of  4.8  MHz  sine  waves  (subsequently  referred  to  as 
"r.f.")  or  bursts  of  2  MHz  bandwidth  random  signals  with  a  4.8  MHz 
center  frequency  (subsequently  referred  to  as  "noise").  In  the  experi¬ 
ments  described  here,  the  transmitting  and  receiving  transducers  of  the 
system  were  arranged  almost  parallel  so  that  their  beams  overlapped  as 
shown  in  the  shaded  region  in  Fig.  2.  By  moving  one  of  the  transducers 
in  the  water  delay  line  with  a  micrometer,  the  internal  delay  of  the 
so  called  reference  signal  was  changed,  so  that  the  system  could  scan 

c 

across  a  series  of  targets.  In  the  experiments  described  here,  both 
the  wire  targets  and  the  transducers  were  immersed  in  a  water  bath. 

The  outputs  of  the  system  were  recorded  by  a  pen  recorder  which  pro¬ 
duces  the  type  of  display  shown  in  Fig.  3.  Here  the  X  axis  corresponds 
to  the  spatial  coordinate  and  the  Y  axis  to  the  strength  of  the  echo 
from  various  targets. 

Figure  3  corresponds  to  the  observation  of  a  1  mm  copper  wire;  the 
upper  half  of  the  figure  shows  the  output  when  a  4  u  sec.  burst  of  4.8  MHz 
r.f.  is  transmitted  and  the  lower  half  shows  the  output  for  2  MHz  band¬ 
width  noise  of  the  same  burst  length.  Notice  that  the  r.f.  signal  can 
detect  the  presence  of  the  wire  but  cannot  resolve  the  front  and  back 
edges.  The  noise  signal  which  has  the  same  duration  as  the  r.f.  signal 
but  larger  bandwidth,  is  easily  able  to  resolve  these  edges.  However 
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when  a  1  usee  pulse  is  used,  as  shown  in  Fig.  4,  the  r.f.  is  also  able 
to  resolve  the  edges  but  at  a  cost  of  higher  peak  to  average  power. 
Inspection  of  Fig.  3  shows  that  this  particular  system,  using  noise, 
could  have  resolved  targets  with  a  separation  as  low  as  250  microns. 
Figure  8  shows  the  correlator  output  for  a  1  mil  wite.  It  is  clear 
from  this  plot  that  because  of  its  great  sensitivity  the  system  is 
able  to  detect  targets  far  smaller  than  its  resolution  limit. 

It  should  be  noted  that  the  output  pattern  produced  by  the  system 
when  using  noise  agrees  very  closely  with  that  predicted  theoretically 
and  illustrated  in  Fig.  6.  As  predicted,  it  is  clear  from  Figs.  3  and  4 
that  for  noise  the  resolution  does  not  depend  on  signal  duration  but  only 
on  bandwidth.  It  is  also  clear  from  these  figures  that  the  range  resolu¬ 
tion  of  noise  is  much  higher  than  that  of  pulsed  r.f.  of  equal  duration 
but  lower  bandwidth.  It  should  be  noted  however  that  the  improvement 
of  the  signal  to  noise  ratio  produced  by  our  correlation  type  system  is 
evident  not  only  when  transmitting  noise  but  a.so  when  transmitting  pulsed 
r.f. . 

Signal  to  Noise  Enhancement  Measurements 

The  correlation  gain  of  a  system  using  clipped  signals  and  a  polarity 
coincide  correlator  is  derived  in  the  appendix,  and  for  input  signal 
to  noise  ratios  much  less  than  unity  was  given  in  equation  10  as 
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For  our  low-pass  filter  pen  recorder  combination  with  a  measured 
time  constant  of  T  *  120  (isec  and  transmitted  bandwidth  of  2MHz,  equation 
10  predicts  a  signal  to  noise  ratio  enhancement  of  approximately  8  x  10^ 
with  the  mark-space  ratio  of  1/20  that  was  used.  The  measured  signal  to 
noise  ratio  enhancement  agreed  with  the  predicted  value  to  well  within 
the  experimental  uncertainty. 

It  is  believed  that  the  signal  to  noise  enhancement  ratio  quoted 
above  could  be  increased  by  an  order  of  magnitude  simply  by  increasing 
the  mark-space  ratio  to  1/2  from  1/20.  This  was  not  experimentally 
verified  since  it  was  already  difficult  to  measure  the  enhancement  ratio 

3 

of  8  x  10  .  Further  increase  in  enhancement  would  have  been  extremely 
difficult  to  measure  and  probably  inaccurate  due  to  leakage  effects  at 
high  attenuations. 

Figure  9  shows  the  correlator  output  for  a  3  mil  Au  wire  target 
with  superimposed  outputs  corresponding  to  the  transmitted  signal 
attenuation  of  20  db  over  the  previous  larger  output.  It  is  clear  that 
even  after  40  db  attenuation  of  the  input  signal,  the  output  signal  to 
noise  ratio  is  still  greater  than  unity.  It  should  also  be  noted  that 
the  received  signal  at  the  output  of  the  amplifier  was  completely  buried 
in  thermal  receiver  noise  after  only  20  db  attenuation  was  imposed 
on  the  transmitted  signal.  These  results  clearly  indicate  that  the 
random  signal  system  can  recover  signals  that  are  deeply  buried  in 
noise. 
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tKTlT  SIGNAL  TO  NOISE  RATIO  IS  APPROX XMATELY  UNITY  PO* 


CONCLUSION 


The  results  of  this  research  have  shown  that  a  simple  correlation 
type  ultrasound  receiver  can  detect  echoes  which  have  at  least  8000  times 
less  power  than  the  thermal  receiver  noise  without  any  noticeable  problems 
due  to  mechanical  vibration  or  electronic  instabilities.  Several  further 
orders  of  magnitude  improvement  in  sensitivity  may  be  possible  by  simply 
lengthening  the  system  integration  time  above  the  0.1  sec  used  in  this 
work  and  using  a  larger  mark-space  ratio  for  the  transmitted  signal. 

Following  the  work  originally  done  for  radar,  it  has  been  established 
that  when  using  noise  as  the  transmitted  signal,  no  range  ambiguities 
exist,  so  that  a  signal  can  be  transmitted  almost  continuously.  This 
lessens  the  peak  to  average  transmitted  power  to  near  unity,  thus 
lessening  the  risk  of  transducer  electrical  breakdown.  It  has  also 
been  shown  that  piezoelectric  transducers  transmitting  noise  can  pro¬ 
duce  the  same  range  resolution  as  when  transmitting  periodic  bursts  of 
r.f.  having  the  same  spectral  density.  Furthermore  a  clutter  avoidance 
technique  which  has  not  been  used  in  radar  has  bepn  described  which 
should  make  it  possible  to  transmit  noise  almost  continuously  without 
deterioration  of  the  system  response  due  to  clutter  type  echoes  from 
flaws  situated  outside  the  system  range  cell,  it  has  also  been  established 
that  the  system  can  easily  detect  the  presence  of  25  micron  wire  flaws 

which  are  far  smaller  than  its  present  lower  resolution  limit  of  250 
microns. 

When  operating  at  high  resolution,  the  system  described  can  trade 
speed  for  sensitivity  by  varying  the  integration  time  of  the  correlator 
output.  When  examining  objects  which  are  expected  to  contain  a  very  small 


number  of  possible  flaws,  increased  speed  can  be  obtained  without  sacrific¬ 
ing  sensitivity,  by  narrowing  the  transmitted  spectrum,  thus  enlarging 
the  range  cell. 

The  fact  that  the  system  has  much  greater  sensitivity  and  uses  much 
lower  peak  to  average  transmitted  power  than  conventional  systems  should 
enable  it  to  greatly  extend  the  size  of  strongly  absorbing  objects  that 
can  be  examined  by  ultrasound,  or  to  use  higher  frequencies  which  are 
too  strongly  absorbed  to  be  practical  at  present,  and  thus  obtain  greatly 
improved  resolution.  The  ability  of  a  random  signal  correlation  system 
to  provide  high  sensitivity  for  a  given  transmitted  power  also  makes  it 
possible  to  reduce  the  peak  and  average  power  required  for  a  given 
sensitivity.  This  feature  and  the  absence  of  range  ambiguity  may  make 
such  systems  of  interest  for  organ  scanning,  particularly  in  the  case 
of  the  brain,  where  the  skull  produces  undesirably  large  absorption  and 
reverberation.  Other  advantageous  applications  of  random  signal  correla¬ 
tion  systems  to  medicine  may  exist  in  the  case  of  blood  flow  measurement. 
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APPENDIX 


The  signal  noise  ratio  enhancement  of  the  clipped  random  signal 
correlation  receiver  used  in  this  work  may  be  calculated  as  follows. 
Referring  to  Fig.  1,  we  may  assume  that  the  transmitted  signal,  x(t),  is 
simply  a  sample  function  from  a  stationary,  zero  mean  random  process 
generated  by  a  noise  source.  For  purposes  of  the  present  discussion, 
this  source  will  be  assumed  to  be  Gaussian  although  this  is  primarily  an 
analytical  convenience  rather  than  a  practical  necessity.  The  system 
would  work  equally  well,  or  better,  with  almost  any  other  probability 
density  function.  A  portion  of  the  transmitted  signal  is  delayed  to 
form  the  reference  signal,  r(t),  and  after  clipping  it  provides  one 
input  to  the  correlator  which  is  of  the  polarity  coincidence  type. 

The  signal  produced  by  the  receiving  transducer,  which  may  be  the 
same  one  as  that  used  for  transmitting,  is  amplified  ant  becomes  y(t), 
which  after  clipping,  becomes  the  other  input  to  the  correlator.  This 
signal  consists  of  the  portion  of  x(t)  that  is  reflected  from  any  target 
plus  system  noise.  The  output  of  the  correlator,  z(t),  contains  the  cross¬ 
correlation  function  of  the  clipped  forms  of  y(t)  and  r(t).  The  signal 
y(t)  includes  a  noise  portion  n(t),  which  comes  both  from  the  echo  ampli¬ 
fier  thermal  noise,  and  from  clutter  echoes. 

The  ultrasound  target  may  be  represented  quite  generally  as  a  multi¬ 
tude  of  discrete  reflecting  points  located  at  different  ranges.  The  return 


from  any  particular  point,  say  the  kth  one,  may  be  represented  as 
a^x[t  -  T^(t)l  where  a^  depends  upon  the  magnitude  of  the  reflection  and 


I 

i 
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Tk(t)  is  the  round  trip  delay  encountered  by  this  particular  return.  If 
there  are  N  such  reflecting  points,  the  total  echo  signal  becomes 

N 

y(t)  =  E  a  x  Tt  -  t,  1  +  n(t)  1-1 

k*l  k 

where  n(t)  is  the  system  noise,  which  is  assumed  to  have  variance  and 
2 

power  a 

n 

The  reference  signal,  r(t) ,  is  a  delayed  version  of  the  transmitted 
signal.  Thus  it  may  be  represented  as 

r(t)  =>  xTt  -  t  1 

In  the  basic  random  signal  system  an  analog  correlator  would  perform  the 
multiplication  of  the  received  signal  y(t)  and  the  reference  signal  r(t)  , 
giving  an  output 

N 

za<t)  =  y(t)  r(t)  =  r  a  x[t  -  T.  1  xrt  -  T  1  +  n(t)  Xrt  -  T  1  1-2 

k=l  k  k  r  r 

Since  x(t)  and  n(t)  are  statistically  independent,  zero-mean  random  var¬ 
iables,  the  expected  value  of  their  product  will  be  zero.  Therefore  the 
expected  value  of  the  output  of  an  analog  correlator  system  would  be 

-  V°  -jl,  “k  R*£<Tr-  V1 

where  Rfy  (  )  is  the  cross  correlation  of  y(t)  and  r(t),  and  Rx(  )  is  the 
autocorrelation  function  of  x(t). 

In  considering  the  signal  to  noise  ratio  associated  with  the  response 
to  one  target  only,  it  is  valid  to  assume  that  the  returns  from  all  other 
targets  outside  the  range  cell,  are  just  part  of  the  added  noise  n(t). 
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This  is  analogous  to  letting  N  M  in  Eq.  1-2  in  which  case  this  becomes 


*a<t)  "  aix^t  "  Tj]  x[t  -  Tr"!  +  n(t)  xT t  -  1-A 

and  the  expected  value  of  this  is 

E  'z  (t)|  =  a  R  T (t  -  t,)] 
a  lx  r  1/J 


If  the  reference  delay  of  the  system  is  adjusted  to  equal  tj,  the 
output  of  an  analog  correlator  fed  with  unclipped  signals  would  have  a 
peak  value  given  by 


E-'  z 


pJ 


a.R  (0) 
lx 


a,  ct 
1  x 


1-5 


where  CTj{  is  the  variance  and  power  of  the  transmitted  signal. 

In  the  experimental  system  the  analog  signals  r(t)  and  y(t)  are  first 

clipped  and  then  passed  through  a  polarity  coincidence  correlator  whose 

output  corresponds  to  the  product  of  the  clipped  inputs.  According  to 

19 

a  well  known  result  the  expectation  value  of  this  product  can  be  written 
as 

E{z  (t)}  »  £  sin’1  !.6 

x  y 

where  <7  is  the  variance  of  the  echo  amplifier  output  and  is  given  by 

2  2  2  2 

Cy  =  al  ax  +  °n  l~7 

From  1-3,  1-5  and  1-6  the  peak  output  of  the  polarity  coincidence 
correlator  which  occurs  when  Tr  is  adjusted  to  equal  is  a  d.c.  signal 
given  by 
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.  J 
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E  ^2  1  a  — 
P'  PJ  TT 


-1  Vx 


2  Vx 

tt  cr 


for  the  practical  case  where  the  echo  amplifier  output  signal  to  noise 
ratio  is  much  smaller  than  unity. 

Having  derived  the  peak  signal  output  of  the  polarity  coincidence 

correlator  it  regains  to  calculate  its  noise  output.  Under  conditions 
of  email  input  signal  t0  noIse  ratlo,  one  of  the  correlat„  ^  ^ 

sists  mostly  of  clipped  noise.  This  will  be  assumed  to  have  the  sane 
bandwidth  B  as  the  transmitted  signal.  The  random  portion  „f  thc  cor¬ 
relator  output  will  thus  be  in  the  form  of  a  binary  signal  which  changes 

from  +1  to  -1  at  random  intervals.  The  spectral  density  of  such  a  wave- 
form  is  well  known  to  be 

s(f)  =  . 

»2  +  t2 

Since  the  correlator  is  followed  in  our  system  by  a  low  pass  filter 

whose  bandwidth  may  be  taken  a*  u 

7  taken  as  W,  the  system  output  noise  power  will  be 

2 

<7  =  2W  S(0)  =  — 

0  rrB 

The  signal  to  noise  power  ratio  referred  to  the  system  input  is  the 
same  as  that  at  the  output  of  the  echo  amplifier  and  is  given  by 


(SNR) 


aiX 
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The  system  output  signal  to  noise  ratio  is  seen  from  eqn.  1-8  to  be 


2  B  1 

rr  W  1  +  (SNR)  _1 

<s“»i 

since  (SNR>i  has  been  assumed  to  be  much  less  than  unity. 

If  the  transmitted  signal  instead  of  being  continuous  has  a  mark- 
space  ratio  <v  and  if  the  integration  time  of  the  filter  is 

T  =  1/W 

we  finally  obtain  the  correlation  gain  of  the  clipped  random  signal  flaw 
detection  system  as 

(SNR)  2<y 

_ _ _o  *  — 1  BT 

(SNR)t  " 

This  correlation  gain  is  seen  to  be  a  factor  of  2/tt  smaller  than  the  value 
of  <yBT  which  is  known  to  hold  for  both  deterministic  and  random  signal 
analog  correlation  receiver  producing  a  d.c.  signal. 


FOOTNOTES 


The  term  'clipping'  is  used  here  and  subsequently  to  refer  to  the  process 
in  which  a  zero  mean  analog  signal  is  transformed  into  a  binary  signal 
having  the  same  zero  crossings. 

The  range  cell  is  that  region  of  space  from  which  the  scattered  signal 
will  correlate  with  the  delayed  version  of  the  transmitted  signal. 

For  a  clutter  avoidance  system  in  which  the  transducer  beam  patterns 
overlap  at  a  small  region  only,  they  will  have  to  be  moved  physically, 
at  the  same  time  as  the  delay  line  length  is  varied.  Electronic 

techniques  for  moving  the  beam  pattern  intersection  point  might  also 
be  possible. 


